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with steering while gliding. Selection of
the webbed forelimb character, coupled
with changes in musculature and elonga-
tion of the long bones of the forelimbs,
could then have given rise to powered
flight in the bat. Such an evolutionary sce-
nario could be accomplished via the ac-
cumulation of small changes to regulatory
sequences, as suggested by the findings
of Cretekos and colleagues. It remains
to be determined if additional regulatory
changes at the Prx1 locus or in other bat
limb genes act cumulatively with known
Prx1 limb enhancer sequences to affect
bone length. One potential candidate for
this is Bmp2, a known regulator of bone
development, which shows increased ex-
pression in the digits of bats compared
with mice (Sears et al., 2006).
While comparative enhancer analysis
has been ongoing, functional tests of
changes in regulatory sequencesbetween
species have largely been restricted to
insects (Prud’homme et al., 2007). These
studies have led to a better understanding
of the regulation of morphological change
throughcis-regulatory evolution. Thework
by Cretekos and colleagues has now
brought this level of evolutionary develop-
mental biology (evo-devo) analysis to ver-
tebrate systems. In the future we should
expect to seemore examples of functional
tests of cis-regulatory evolution using
transgenic approaches in the mouse and
other systems to expand our insight into
the evolution of vertebrate characters.
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Figure 1. Bat Wings Show Distinct
Differences from Mouse Forelimbs
Including Dramatic Elongation of the
Digits and Reduction of the Ulna
(Top) Embryonic day 18 mouse forelimb stained
with alizarin red/alcian blue to mark bone and
cartilage, respectively. (Bottom) Mid-gestation
bat wing (stage 18E; Cretekos et al., 2005) stained
with alcian blue. Images are not at the same mag-
nification. Hu, humerus; ra, radius; ul, ulna; di, digit.
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Cell polarity is essential for many biological processes and is regulated by conserved protein complexes,
including the Par complex, Rho GTPases, and their regulators. In this issue of Developmental Cell, studies
by Nakayama et al. and Zhang and Macara examine how interplay between Rho GTPases and the Par
complex control polarized cell migration and dendritic spine morphogenesis in alternate ways.Virtually all eukaryotic cells—from yeast
to neurons and epithelial cells—require
a polarized structural organization for their
functionality. In neuronal cells, polarity
contributes to axon/dendrite identity and
to the formation of dendritic spines, the
main sites of excitatory synapses in the150 Developmental Cell 14, February 2008 ªbrain (Wiggin et al., 2005). In migrating
cells, polarization along the anterior-pos-
terior axis is essential for directionalmove-
ment (Jaffe and Hall, 2005; Pegtel et al.,
2007). Furthermore, apical-basal polarity
is required for the formation of functional
epithelial tissues (Mertens et al., 2006).2008 Elsevier Inc.Increasing evidence indicates that
differential subcellular localization and
activity of the Par complex, consisting of
Par3, Par6, and atypical protein kinase C
(aPKC), are critical for polarization (re-
viewed in Mertens et al., 2006). The Par
complex is believed to generate positional
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Previewslandmarks on the plasma mem-
brane, which are vital for the re-
cruitment of additional proteins
controlling the segregation of
membrane domains, mRNA, and
proteins. Cell polarity also re-
quires fine regulation of the cyto-
skeleton (Jaffe and Hall, 2005;
Mertens et al., 2006). Since mem-
bers of the Rho family of small
GTPases are key regulators of
actin and microtubule dynamics
(Jaffe and Hall, 2005), it is not sur-
prising that an interplay between
them and the Par complex has
been reported. Specifically,mem-
bers of the Par complex together
with Rac and/or Cdc42 GTPases
control different aspects of cell
polarity, including axon formation
and synaptogenesis, establish-
ment of apical-basal polarity, and
front-rearpolarizationofmigratory
cells (Mertens et al., 2006; Pegtel
et al., 2007; Wiggin et al., 2005).
Depending on the physiologi-
cal context, Rac and Cdc42 can
function asmediators and/or reg-
ulators of the Par complex (re-
viewed in Mertens et al., 2006).
As an example, at the tip of a de-
veloping axon and at the leading
edge of migrating cells, Par3
binds the Rac activator Tiam1/2
and forms a complex with aPKC/
Par6/Cdc42-GTP, thereby trig-
gering local Rac activation. How
the activities of the Par complex
and Rac are restricted to the
axon, and to the front but not
the rear of migrating cells, re-
mains elusive. In dendritic spines
of hippocampal neurons, Par3
also recruits Tiam1 to locally acti-
vate Rac, thereby contributing to
spine maturation (Zhang and
Macara, 2006). However, this
functionof Par3 is independent of its asso-
ciation with aPKC/Par6. What is the role
of Par6/aPKC during spine morphogene-
sis, and what are its downstream targets?
In this issue of Developmental Cell, two
studies provide some answers to the
above questions, revealing novel links be-
tween the RhoA/ROCK pathway and
members of the Par complex (Nakayana
et al., 2008; Zhang and Macara, 2008).
Nakayama et al. show that RhoA and its
downstream effector ROCK regulate the
assembly and activity of the Par complex
during cell migration (Nakayana et al.,
2008). They show that ROCK directly
phosphorylates Par3 at Thr-833, impairing
the association between Par3 and aPKC/
Par6, thereby preventing assembly of
a functional Par complex and activation
of Rac (Figure 1A). Their data imply that
Par3 and its phosphorylation by ROCK
controls proper leading edge formation
and front-rear polarity. Moreover, a phos-
phospecific antibody shows that Par3 is
heavily phosphorylated at Thr-
833 in thecentral and rear regions
of polarized migrating cells, but it
also detects the phosphorylated
Par3 at the leading edge. Signifi-
cantly, a similar subcellular local-
ization pattern was previously
reported for active RhoA in mi-
grating cells (Jaffe and Hall,
2005; Pertz et al., 2006).
Based on these data, Na-
kayama et al. propose that phos-
phorylation of Par3 by ROCK at
the posterior end of migrating
cells prevents Rac activation
and lamellipodia formation
(Figure 1A). At the front, where
RhoA/ROCK activities are gener-
ally lower, an intact Par complex
activates Rac, allowing formation
of membrane protrusions (lamel-
lipodia and ruffles). ROCK-
induced Par3 phosphorylation
at the leading edge likely keeps
levels of Rac activity in check,
thereby allowing dynamic as-
sembly and disassembly of
membrane protrusions that is
necessary for proper cell migra-
tion (Jaffe and Hall, 2005; Pertz
et al., 2006). Thus, by disrupting
the formation of a functional Par
complex, RhoA/ROCK contrib-
utes to the spatiotemporal regu-
lation of Rac activity. It remains
elusive, however, how RhoA/
ROCK levels and activities are
precisely regulated in migrating
cells. Interestingly, recent stud-
ies reported that Cdc42/Rac-de-
pendent activation of the Par
complex recruits the E3 ubiquitin
ligase Smurf1 to the front of mi-
grating cells (Wang et al., 2003).
Smurf1 binds RhoA and pro-
motes RhoA ubiquitination, lead-
ing to its degradation by the
proteasome. Together with the findings
of Nakayama et al., these data place the
Par complex at the center of complex
cross talk between RhoA and Rac
GTPases necessary for proper front-rear
polarization and directional movement of
migrating cells. Yet, the precise mecha-
nisms by which Rac, RhoA, and the Par
complex integrate signaling from extra-
cellular cues to regulate the cytoskeleton
and front-rear polarity of migrating cells
remain undefined.
Figure 1. Interplay between RhoA/ROCK and the Par
Complex in Controlling Front-Rear Polarity of Migrating Cells
and Dendritic Spine Morphogenesis
(A) RhoA/ROCKcontrols spatiotemporal on-off regulation of Rac inmi-
grating cells. In the central and rear regions of migrating cells, ROCK,
by phosphorylating Par3, impairs the formation of an active Par
complex, thereby preventing the activation of Rac and the formation
of lamellipodia. At the anterior area of the cell, where RhoA/ROCK ac-
tivities are generally lower, an intact Par complex triggers Rac activa-
tion and the formation of membrane protrusions. Notably, ROCK also
induces Par3 phosphorylation at the leading edge of migrating cells
(not depicted), likely to prevent overactivation of Rac at the leading
edge. Dynamic assembly and disassembly of membrane protrusions
is necessary for proper cell migration.
(B) Par3/Tiam1 and Par6/aPKC perform distinct functions in dendritic
spine morphogenesis by acting on Rac and RhoA GTPases, respec-
tively. Par3 regulates spine maturation by spatially restricting Tiam1
localization and Rac activation. Par6/aPKC complex controls spine
biogenesis and maintenance by inhibiting RhoA activity through the
recruitment of a negative regulator of RhoA, p190A RhoGAP.Developmental Cell 14, February 2008 ª2008 Elsevier Inc. 151
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PreviewsAs mentioned before, Zhang and Mac-
ara previously found that Par3 regulates
spine maturation by spatially restricting
Tiam1 localization and Rac activation to
dendritic spines, and this function is in-
dependent of its association with aPKC
and Par6 (Zhang and Macara, 2006).
They now find that the Par6/aPKC com-
plex controls spine biogenesis and main-
tenance rather than spine maturation,
and, intriguingly, that the underlying
mechanism involves spatial regulation of
RhoA activity (Figure 1B). Using a FRET
biosensor, they show that Par6 inacti-
vates RhoA in the spines. Based on
previous studies, the authors considered
the possibility of Smurf1 involvement in
this process (Wang et al., 2003). How-
ever, Zhang and Macara do not detect
any changes in RhoA protein levels
when Par6 levels are altered in hippo-
campal neurons. Instead, they show
that Par6/aPKC inactivates RhoA through
a negative regulator of RhoA, p190A
RhoGAP. Coexpression of a GAP-defi-
cient p190A mutant with Par6 attenuates
the Par6-induced increase in spine den-
sity, and, importantly, knockdown of
p190A diminishes the Par6-triggered de-
crease in RhoA activity as measured by
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A recent paper by Ninomiya and W
capacity of mesenchymal cells to
mesoderm adhesion, thereby ensur
cells, but are instead elongate with
Morphogenesis involves the coordinated
rearrangement of cells to produce tissues
organized into both linear segments and
laminar sheets. Cells are channeled into
152 Developmental Cell 14, February 2008 ªHow Par6/aPKC regulates p190A re-
mains unclear. Furthermore, the upstream
inputs that regulate Par6/aPKC and Par3/
Tiam1 in dendritic spines, and the role of
these complexes in synaptic function,
are also unknown. In spines, Par6/aPKC
regulation seems to be independent of
Cdc42 (Zhang and Macara, 2008). Inter-
estingly, previous studies showed that
Tiam1 interacts with the NMDA receptor
and is phosphorylated following receptor
activation (Tolias et al., 2005). Whether
Par3 is somehow connected to the
NMDA receptor is not known.
Together, the studies by Nakayama
et al. and Zhang and Macara unveil novel
links between members of the Par com-
plex and the RhoA/ROCK signaling path-
way, defining additional modes by which
Rho GTPases interplay with Par complex
components. In the establishment of
front-rear polarity of migrating cells,
RhoA/ROCK controls Par complex forma-
tion and activity and thereby (Cdc42-
induced) Rac activation. In the context of
spine morphogenesis, the Par6/aPKC
module downregulates RhoA/ROCK ac-
tivities. Whereas RhoA/ROCK proteins
play different roles in the above cellular
polarization events, both studies highlight
that the establishment of cell polarityf Tissue Aggregat
trol Structural Ass
ittsburgh, Pittsburgh, PA 15260, USA
inklbauer explores the role of the e
form amorphous aggregates. They
ing that embryos and, by extension,
a linearly segmented architecture.
single-layered or double-layered sheets,
whether they are epithelial or mesenchy-
mal, with distinct anterior-posterior seg-
mental identities. Whereas epithelial cells
2008 Elsevier Inc.relies on the interplay between signaling
by members of the Par complex and
Rho GTPase family members.
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embly
pithelium in restricting the natural
propose the epithelium controls
adults are not multilayered balls of
are confined to a single layer by their
intrinsic apical-basal polarity, mesenchy-
mal cells are organized into sheets
defined by their association with other
